Temperature dependence of Henry's law constants: An automated, high-throughput gas stripping cell design coupled to PTR-ToF-MS  by Wieland, Flurin et al.
T
h
F
D
a
b
a
A
R
R
A
A
K
P
M
H
P
A
V
1
l
i
p
a
l
ﬂ
i
(
t
1
s
h
1
0International Journal of Mass Spectrometry 387 (2015) 69–77
Contents lists available at ScienceDirect
International  Journal  of  Mass  Spectrometry
jou rn al h om epage: www.elsev ier .com/ locate / i jms
emperature  dependence  of  Henry’s  law  constants:  An  automated,
igh-throughput  gas  stripping  cell  design  coupled  to  PTR-ToF-MS
lurin  Wielanda,  Angela  Neffa, Alexia  N.  Gloessa, Luigi  Poissonb, Samuel  Atlanb,
iego  Larrainb, Daniel  Prêtreb,  Imre  Blankb, Chahan  Yeretziana,∗
Zurich University of Applied Science, Institute of Chemistry and Biological Chemistry, 8820 Wädenswil, Switzerland
Nestlé S.A., 1350 Orbe, Switzerland
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 4 April 2015
eceived in revised form 14 July 2015
ccepted 15 July 2015
vailable online 23 July 2015
eywords:
roton-Transfer-Reaction Time-of-Flight
ass-Spectrometry (PTR-ToF-MS)
enry’s law constants
artition coefﬁcient
a  b  s  t  r  a  c  t
Liquid–air  partition  coefﬁcients  (Henry’s  law  constants,  HLCs)  of  eight  ﬂavour  compounds  (volatile
organic  compounds,  VOCs)  were  determined  in  water,  over  a  temperature  range  of 4 ◦C  to 85 ◦C.  The
HLCs were  derived  by  using  nitrogen  to strip  a  dilute  solution  of a  VOC  and  then  determining  the
decrease  in concentration  of  the VOC  in real-time  in the  stripped  gas  using proton-transfer-reaction
time-of-ﬂight  mass-spectrometry  (PTR-ToF-MS).  This  approach  provided  HLCs  of improved  accuracy
(small  95%  standard  deviation)  over a large  temperature  range,  especially  for  low  volatility  VOCs
(HLC  > 2 mol/(m3 Pa)).  The  outstanding  features  of this  approach  are:  (i)  it is  applicable  for  VOCs  over
a  large  range  of volatility;  (ii)  it can  be used  over  a wide  temperature  range  (4 ◦C  to 85 ◦C);  (iii) it is  auto-
mated  (high-throughput);  (iv)  it does  not  require  calibration  or  knowledge  of  the  initial concentration
of  the  analyte;  and  (v)  the  experimental  temperature  can  be controlled  very  precisely  (T  better  than
◦roma
olatile organic compounds
±0.1 C).  The  eight  ﬂavour  compounds  analysed  in  water  were:  (E)--damascenone,  2,3-butanedione,  2-
ethyl-3,5-dimethylpyrazine,  2-methylfuran,  3-methylbutanal,  acetaldehyde,  ethyl-3-methyl  butanoate
and guaiacol.  Based  on the  measured  HLCs  at  ﬁve  ﬁxed  temperatures  (4 ◦C,  25 ◦C, 45 ◦C,  65 ◦C  and  85 ◦C),
accurate  non-linear  analytical  expressions  for the temperature  dependence  of HLCs  were  derived,  which
were then  used  to calculate  thermodynamic  constants.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
The partitioning of volatile organic compounds (VOCs) between
iquids and air is a fundamental physical process that is of signif-
cance for a variety of scientiﬁc ﬁelds and technologies. It governs
henomena in environmental and atmospheric chemistry [1–9]
nd is essential in the medical sciences for partitioning of metabo-
ites in living organism [10–14]. It also plays a role in food and
avour sciences [15], outdoor and indoor air quality and analyt-
cal chemistry whenever headspace, solid phase micro extraction
SPME) or related gas chromatography methods are used to analyse
he gas phase above liquid samples.
.1. The Henry’s law constant – HLCSince Henry’s law can be deﬁned in different forms, it is neces-
ary to specify which deﬁnition is being applied, in order to avoid
∗ Corresponding author. Tel.: +41 58 934 55 26; fax: +41 58 934 50 01.
E-mail address: chahan.yeretzian@zhaw.ch (C. Yeretzian).
ttp://dx.doi.org/10.1016/j.ijms.2015.07.015
387-3806/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
confusion [16]. Here, we state that the concentration of an ideal
diluted liquid is directly proportional to the partial pressure of the
gas above the liquid. At a constant temperature, this relationship
can be expressed as a mathematical term as shown in Eq. (1).
ci = pi · kH(T) (1)
where ci is the concentration of the solute in the liquid phase in
mol/m3, pi is the partial pressure of the solute (or analyte) in the
gas above the solution in Pa and kH is a temperature (T) depend-
ent constant with the unit mol/(m3 Pa). The constant, known as
the Henry’s law constant (HLC), depends on the solute, the solvent
and the temperature and is applicable at a theoretically inﬁnite
dilution. This inﬁnite dilution is experimentally approximated by a
mole fraction of less than 10−3 [17].
According to this deﬁnition, and depending on the actual value
of the HLC, the corresponding VOC can be classiﬁed into one of
three classes: High volatiles with a kH of <0.01 mol/(m3 Pa), medium
volatiles with a kH within a range of 0.01 and 1 mol/(m3 Pa) and low
volatiles with a kH value higher than 1 mol/(m3 Pa).
This equation is valid only if the total pressure is below 5 bars
(ideal behaviours of gas and liquid). Otherwise the fugacity and an
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
7 al of M
a
m
1
1
c
n
e
g
t
c
i
c
l
t
n
v
e
e
a
b
m
[
p
a
s
h
s
p
[
s
h
B
a
t
(
a
s
p
d
w
a
p
p
t
2
c
d
u
a
1
c
b
r
r
t
[
a
i0 F. Wieland et al. / International Journ
ctivity coefﬁcient have to be taken into consideration [16], as they
ay  deviate from 1. The experiments here were conducted at below
 bar, hence a fugacity and activity coefﬁcient of 1 can be assumed.
.2. Instrumental approaches for measuring Henry’s law
onstants
HLCs can be measured experimentally using a variety of tech-
iques. The most obvious is the direct measurement of the
quilibrium concentrations of a VOC in both the liquid and the
as phases. Accuracy can generally be improved if the concen-
ration is measured in only one phase (e.g. gas phase) and the
oncentration is known in the other (liquid phase). Hence, the orig-
nal and most widespread technique used to measure HLCs is gas
hromatography, which relies on the static determination of equi-
ibrium headspace (HS) concentrations at known concentrations in
he liquid phase [18–20].
Since HS-samples are collected from equilibrated systems, Bur-
ett [19] and Buttery et al. [21] have argued that adsorption of
olatiles at walls, tubings or syringes affects the results and may
xplain in part the discrepancies between reported values in the lit-
rature. Reported HLCs for compounds with low solubility in water
nd low vapour pressures, in particular, were often found to scatter
y a factor of 3 [18]. The situation is even worse for sulphides [2] and
onoterpenes [22], which were found to scatter by a factor of 10
23]. Furthermore, the equilibrium between the liquid and the gas
hase may  become perturbed when HS-samples are collected using
 syringe [24]. Hence, accurate and temperature dependent mea-
urements of HLCs have proven to be difﬁcult and several methods
ave been developed in which, for example, the glass walls were
ilanized and the gas sampling was performed by pressing the gas
hase into a stainless steel tube containing Tenax as an adsorbent
25]. Chai and Zhu [26] and Miller and Stuart [27] have proposed a
lightly different version of headspace sampling, termed multiple
eadspace extraction (MHE). This approach was further reﬁned by
rachet et al. [28,29] to reduce the impact of artefacts and improve
ccuracy.
Most of these methods suffer from two major drawbacks: (i)
hey rely on the absolute determination of equilibrium headspace
HS) concentrations and (ii) adsorption effects may  lead to system-
tic errors.
Overall, measuring HLC using equilibrium HS sampling bears
everal analytical and chemical challenges. Not only do liquid–air
artition coefﬁcients of VOCs vary by several orders of magnitude,
epending on the chemical compound (mass, functional groups,
ater solubility, etc.,), but they also exhibit strong temperature
nd matrix-dependence [16]. To date, several studies on the tem-
erature dependence of water–air partition coefﬁcients have been
erformed. However, they have either been restricted to a rela-
ively small temperature range (e.g. 3–45 ◦C [1], 4.5–37 ◦C [13],
5–30 ◦C [28]) or the authors used a combination of methods to
over a greater temperature range. Consequently, the results from
ifferent authors and methods may  vary greatly and include large
ncertainties [30].
As an alternative to equilibrium HS techniques, Leroi et al. [18]
nd Mackay et al. [31] introduced the bubbling cell design in the late
970s to measure HLC. Yeretzian and his co-authors revisited this
oncept and gradually improved the setup; the major innovation
eing the on-line coupling of the stripping cell to a proton-transfer-
eaction mass-spectrometer (PTR-MS) [15]. Schuhfried et al. also
ecently applied this approach, focusing on sulﬁdes [2].
PTR-MS has been described in detail in several reviews; one of
he more recent and comprehensive of which was by Blake et al.
32]. While the chemical ionization source was initially coupled to
 quadrupole mass ﬁlter, a signiﬁcant improvement was achieved
n 2009, with the introduction of a new generation instrument thatass Spectrometry 387 (2015) 69–77
included a time-of-ﬂight mass analyser (PTR-ToF-MS) [33]. PTR-
ToF-MS achieves at least the same sensitivity as the quadrupole
based version, but additionally provides higher time resolution,
larger mass range and much higher mass accuracy and mass reso-
lution.
In this work, an improved version of the bubbling cell design
from Pollien et al. [15] and Karl et al. [34] was  developed for mea-
suring accurate HLC constants and their temperature dependence
for a range of VOCs. The key experimental elements and innovations
of this work are:
• All relevant experimental parameters were thoroughly checked
and optimized.
• The experimental setup and procedure were automated, allowing
high-throughput and highly consistent experimental conditions.
• A non-linear model was  chosen to ﬁt the temperature depend-
ence of the HLCs.
• One single consistent experimental method was  applied over the
whole temperature range and for ﬂavour compounds of high to
low volatility.
These elements together led to a hitherto unprecedented pre-
cision and accuracy of the experimental HLCs. To demonstrate and
exploit the capabilities of this approach, HLCs of eight selected
ﬂavour compounds (including compounds of low to high volatil-
ity), from just above the freezing point of water (4 ◦C) to close to its
boiling point at atmospheric pressure (85 ◦C) were measured.
2. Experimental
2.1. PTR-ToF-MS
The characteristics of PTR-ToF-MS and the settings used in this
study are brieﬂy described below. Water vapour was introduced
as a reagent gas from a liquid water tank into the hollow cathode
ion source. High amounts of H3O+-primary ions were produced by a
discharge from a hollow-cathode (6.4 mA)  within the water vapour
(6 Nml/min) inside the ion source (US: 110 V; USO 80 V; UDX 32 V).
Reagent H3O+-primary ions entered the adjacent drift tube section,
where the sample was continuously injected via a heated gas inlet
system (105 ◦C) with an additional ﬂow of 200 Nml/min. The pro-
ton transfer reaction occurred in the 9.6 cm long drift tube, and the
parameters were set as follows: (i) pressure (2.3 mbar), (ii) temper-
ature (70 ◦C) and (iii) voltage (600 V). These conditions led to a ratio
of the electric ﬁeld to the number density (E/N) of 129 Townsend. In
the case of using the PTR-ToF-MS, the outgoing protonated VOC ions
were transferred via a lens system to the pulsed extraction region
of the orthogonal reﬂector ToF spectrometer. With an extraction
frequency of 37 kHz and acquisition rate of 1 Hz, a mass range of
m/z 10–250 was  recorded for each extraction pulse. For measure-
ments over longer periods of time, the acquisition rate was  reduced
to 1 min  to decrease the size of the data ﬁles.
A characteristic of PTR-ToF-MS is that VOCs can only be detected
when their proton afﬁnity (PA) is higher than the PA of water
(691 kJ mol−1). A positive effect of this threshold ionization pro-
cess is that the inorganic gases in air (N2, CO, CO2, etc.), which act
as a welcome buffer-gas for the VOCs, are not ionized and as a result
are suppressed in the mass spectrum. However, under certain cir-
cumstances, clustering of the H3O+-primary ions to H+(H2O)n may
occur, leading to H+(H2O)n·VOC. Furthermore, ligand-transfer reac-
tions may also occur for speciﬁc experimental conditions. Both of
these processes lead to a reduction in selectivity and sensitivity,
which complicate the qualiﬁcation of the VOCs. In order to prevent
or limit such ligand-transfer reactions and clustering, the stripped
F. Wieland et al. / International Journal of Mass Spectrometry 387 (2015) 69–77 71
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fFig. 1. Schematic of the automated double cell setup fo
as was diluted with nitrogen prior to entering the PTR-ToF-MS
evice to reduce humidity and VOC concentrations.
The coupling of the PTR-ToF-MS device to the measurement
etup is described below. The analysis of high to medium volatile
ompounds was performed using a double cell design. The HLC of
he least volatile compound, guaiacol, was also measured using a
riple cell setup.
While all data presented in this work were measured using a
TR-ToF-MS, we have also conducted a few measurements on a
TR-Quad-MS, e.g. for 3-methylbutanal at 4 ◦C (not shown here).
n spite of the lower mass resolution and slightly lower sensitivity
f the Quad instrument, we have not found any signiﬁcant differ-
nces in the derived HLCs, conﬁrming that the proposed analytical
pproach does not rely on using the high end ToF-instrument, but
an as well as performed with a PTR-Quad-MS.
Finally Cappellin et al. have reported a not linear behaviour
f the signal intensity with concentration when conducting
xperiments over a very large dynamic range and introduced a cor-
ection [35]. To avoid this reported non-linear behaviour in signal
ntensities and stay in the linear range of the PTR-ToF-MS instru-
ent, we have performed all measurements at intensities of <1
on/extraction and over a small absolute intensity range (reduction
f the signal intensity of less than a factor of two). Furthermore, and
or a few compounds, we have performed experiments on both asuring the air–water partitioning coefﬁcients of VOCs.
Quad and a ToF instruments and did not ﬁnd any signiﬁcant differ-
ences.
2.2. HLC measurements: double cell design
Various designs have been developed in previous studies that
employ different bubbling cell conﬁgurations. The main conﬁgu-
ration used in this study is called the double cell design, shown
as a schema in Fig. 1. This setup was  used for the large majority
of the experiments. By bubbling air through a dilute solution the
dissolved VOC was stripped from the aqueous solution. The rate of
the resulting decrease in the VOC concentration in the stripped air
over time can be related to the partition coefﬁcient of the VOC at the
respective temperature [18,31]. Typical experimental data for the
measurement of acetaldehyde at various temperatures are shown
in Fig. 2.
To measure the HLC of a VOC, cell 2 was  ﬁlled with 100 ml
of a highly diluted aqueous solution (2–2500 mol/l) of the VOC.
For VOCs with a boiling point higher than 50 ◦C, the solution was
automatically prepared by an HPLC autosampler (SpectraSystem
AS3500, 100 l Loop. Pull Loop Mode, Pump: P4000 at 8 ml/min
for 2 min, 1/16′′ stainless steel tubing). For VOCs with a boiling
point below 50 ◦C, the reservoir was  replaced by a 5 L Schott ﬂask
and ﬁlled with a manually prepared solution. This prevented loss
72 F. Wieland et al. / International Journal of M
Fig. 2. Depletion of the signals for 100 ml  acetaldehyde solution with a 100 Nml/min
ﬂow  rate at different temperatures (raw data: grey). The lines were obtained by
ﬁtting the rate constant (k) in Eq. (4). The ﬁtted k value is indicated.
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Stripping gas: Compressed air and nitrogen were tested as strip-
ping gases in order to check whether the type of gas affected thef the higher volatile VOCs through evaporation during transfer
f the sample and subsequent injection into the loop. Cell 1 was
lled with double distilled water (100 ml,  electrical conductiv-
ty: 0.055 S/cm). The role of cell 1 was to saturate the stripping
as (N2) with water vapour prior to streaming through cell 2 at
 ﬂow rate of 10–100 ml/min. This step prevented evaporation
f the liquid in cell 2. The ﬂow was controlled by a mass ﬂow
ontroller (MFC, 0–200 (normal ml/min) Nml/min, Bronkhorst EL-
LOW). Before entering the PTR-ToF-MS instrument, the nitrogen
as ﬂow, loaded with the stripped VOC, was diluted by adding
itrogen at a rate of 0.5–4.5 Nl/min (MFC, 0–5 Nl/min, Bronkhorst
L-FLOW) in order to reduce the humidity and VOC concentration,
llowing for stable experimental conditions for ionization by pro-
on transfer. The MFC  was calibrated using a 500 ml  manual bubble
owmeter (Sigma–Aldrich) and checked regularly.
Both stripping cells were double jacketed glass cells (150 ml,
D: 3 cm,  frit size nr. 3) and were temperature-stabilized using a
losed water circuit with an external thermostat (FP40-HD, Julabo).
he cells were mounted inside an oven (UT 6420, Heraeus, Thermo
cientiﬁc) which was held at a temperature of 20 ◦C above the tem-
erature of the cells in order to prevent condensation in the tubing
ystem (¼′′ stainless steel, Silcosteel, Restek).
The N2 stripping gas was preheated (see Fig. 1). Prior to entering
ell 1, the gas was directed through a more than 1-m long tubing,
o preheat the gas to the oven temperature, which is 20 ◦C above
he temperature of liquids in the cells. Then, the pre-heated gas
ntered cell 1 and ﬂowed out of the frit into the double distilled
ater. This cooled the gas immediately to the temperature as the
iquid in the stripping cells.
The setup was computer controlled based on software tools
ritten in C#. The automation allowed all relevant experimental
arameters (temperatures, ﬂows) to be controlled and adjusted, the
ixtures of the aqueous VOC solutions to be prepared, the strip-
ing cells to be ﬁlled and cleaned, the PTR-ToF-MS device to be
ontrolled (starting, stopping, setup and monitoring) and repetition
easurements for a given VOC to be performed.ass Spectrometry 387 (2015) 69–77
2.3. HLC measurements: triple cell design
In order to shorten the measurement time and improve the pre-
cision for VOCs with very low volatility, the double cell design was
modiﬁed by adding a third cell between cells 1 and 2. From left to
right (in Fig. 1), cell 1 was  ﬁlled with double distilled water and
cell 2 with a concentrated solution of the VOC, which was then
used as the source of the VOC being studied. The VOC withdrawn
by the nitrogen gas stream from cell 2 (water vapour saturated)
gradually increased the VOC concentration in cell 3. Hence the start-
ing conﬁguration was as follows: cell 1 (double distilled water) |
cell 2 (concentrated solution of the VOC) | cell 3 (double distilled
water). Cell 1 was (as in the double cell conﬁguration) to saturate
the stripping gas with water vapour before entering into cell 2.
When starting the ﬂow of nitrogen through the three cells in series,
VOCs were transferred by the gas-ﬂow from cell 2 to cell 3. Con-
sequently, the VOC concentration in the gas stream leaving cell 3
also increased gradually. By measuring the rate of concentration
increase by PTR-ToF-MS, it was possible to determine the HLC.
For low volatile compounds, this setup improved the sensitivity
and accuracy, and shortened the experimental time by a factor of up
to four relative to the double cell design. Indeed, the PTR technique
provides better absolute precision when an increase in a signal is
measured against a very low background signal. The drawback of
the triple cell design is that in order to precisely calculate the HLC,
the relative concentration of the VOC exiting cell 2 must also be
measured.
2.4. Experimental parameter
A range of experimental parameters were checked for their
impact on the HLC. This was  performed by changing one parameter
at a time over a deﬁned range. Once the optimum conditions were
found for the standard temperature of 50 ◦C, these were checked
for the four other temperatures: 4 ◦C, 25 ◦C, 65 ◦C and 85 ◦C and
adapted if necessary. All trials were performed with acetaldehyde,
a medium volatility compound for which ample data is available in
the literature [9,30,36–40].
Acetaldehyde was hence selected for two  main reasons. (i) First,
a large amount of published data are available and allow for a quan-
titative comparison with our results. (ii) Seconds, acetaldehyde is
a compounds in the middle range of volatility, with respect to the
eight compounds reported here. This makes it a good candidate for
the optimization of the setup.
Cell volume: The standard 100 ml  cell volume was  gradually
decreased to establish the minimum volume at which equilibrium
was achieved between the VOCs in the liquid phase and the VOCs
in the gas phase.
Oven temperature: The temperature of the oven was  set to a
higher temperature than the cell temperature. The standard was
deﬁned as +5 ◦C and increased by 5 ◦C steps up to +25 ◦C.
Gas ﬂow through the cell: The ﬂow of the stripping gas was varied
between 40 and 120 Nml/min (standard: 40 Nml/min).
Gas ﬂow of the dilution: The gas exiting the last cell was  diluted
to reduce and standardize the gas humidity prior to ionization by
proton transfer in the drift tube. The ﬂow was  tested for a range
of 400 Nml/min to 4800 Nml/min with a step size of 800 Nml/min
(standard value: 800 Nml/min), resulting in mixing ratios from
0.5:1 to 1:12. Since the stripping temperature had a signiﬁcant
impact on the gas humidity, the mixing ratios were set to match
the relative humidity of the gas entering the PTR-ToF-MS drift tube.stripping process and whether the oxygen in the compressed air led
to oxidation reactions, in particular for longer experimental times.
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.5. Compounds
Based on an extensive literature study, 8 ﬂavour compounds
ere selected: (E)--damascenone (boiling point (bp.): 274 ◦C),
,3-butanedione (bp.: 88 ◦C), 2-ethyl-3,5-dimethylpyrazine (bp.:
81 ◦C), 2-methylfuran (bp.: 64 ◦C), 3-methylbutanal (bp.: 92 ◦C),
cetaldehyde (bp.: 21 ◦C), ethyl-3-methyl butanoate (bp.: 132 ◦C)
nd guaiacol (bp.: 205 ◦C). All VOCs were supplied by Sigma Aldrich
t the highest available purity.
. Data evaluation
.1. Data treatment
Software: To establish a consistent procedure of data treatment,
n R-Script (Version 2.15.3) was used.
Background subtraction: At the beginning of each experiment a
aseline signal was measured which was then subtracted from the
OC signal.
.1.1. Normalization of the intensity
Since humidity inﬂuenced the sensitivity, the intensity of the
rotonated VOC was normalized to the intensity of the primary
ons. In the case of the double cell design, the VOC intensity was
ormalized to the sum of the intensities of H3O+ and H5O2+ ions
ccording to Eq. (2). X was determined through minimization of the
esiduals of the exponential ﬁt. This correction was only applied
o the double cell conﬁguration. For the triple cell design normal-
zation was performed according to Eq. (3) in order to avoid over
tting.
H+norm/ncps =
AH+/cps · (106 cps + X · xH5O2+ /cps)
H3O
+/cps + X · H5O2+/cps
(2)
H+norm/ncps =
AH+/cps · 106 cps
H3O
+/cps
(3)
H+norm/ncps is the intensity of the analyte in normalized counts per
econd (ncps); AH+/cps the actual measured intensity of the analyte
n counts per second (cps); X the H5O2+ cluster impact factor; xH5O2+
he mean H5O2+ intensity; H5O2+ the actual measured H5O2+ signal
ntensity in cps; H3O+ the actual H3O+ intensity in cps. The factor
06 was introduced for practical reasons, since the intensity of H3O+
s approximately 106 cps.
.1.2. Fragment summation
Fragment summation was performed in order to account for
ragment pattern shifts (FPS) during the measurements. FPS was
bserved when the humidity of the air entering the drift tube was
nstable and major changes in compound concentrations occurred
uring the measurement process. This led to changes in the ioniza-
ion pathways and, as a result, to different fragmentation patterns.
hile this effect was small, taking account of FPS slightly improved
he quality of the exponential ﬁt.
.2. Calculation of the HLC: double cell design
The HLCs of the VOCs were derived from the PTR-ToF-MS
easurements by monitoring the background subtracted signal
ntensity against time, according to Eq. (4).
dC Integration − G ·t
dt
= k · C −→
k= GHLC·V ·R·T
Ct = C0 · e HLC·V ·R·T (4)
t is the concentration of the VOC at time t; C0 the concentration
f the VOC at time t = 0; G the gas ﬂow through stripping cell; k theass Spectrometry 387 (2015) 69–77 73
rate constant of the stripping; V the cell volume; R the ideal gas
constant (8.314472 J mol−1 K−1); T the temperature; t is the time.
The VOC stripping experiment was automatically stopped once
a reduction of 20–30% in the m/z PTR-MS relative signal intensity
had occurred. The higher the volatility and the more elevated the
experimental temperature, the shorter was  the experimental time.
The automated setup allowed the HLCs to be measured sequentially
and automatically at different temperatures and for different VOCs.
In contrast to previous work, where HLCs were determined by
applying a linear ﬁt to the natural logarithmic function [41,34], here
a time-versus-intensity (t–I) exponential ﬁt was directly applied.
Due to the (low) background signal, the logarithmic plot showed
some small deviations from linearity, especially at the lowest signal
intensities. Directly ﬁtting the t–I function to the data and deduct-
ing the background signal from the ﬁtted function improved the
accuracy of the calculated HLCs.
3.3. Calculation of the HLC: triple cell design
The triple cell design was introduced in 2003 by Karl et al. [34].
To determine the HLCs it was assumed that the change in concen-
tration entering cell 3 for VOCs with very low volatility was constant
over the course of an experiment. In contrast to the work of Karl
et al., here we  have chosen to take into account the (small) decrease
in VOC concentration in cell 2 over time, in order to slightly improve
accuracy. Consequently, a multi-step reaction scheme was derived,
as expressed by the differential equations in Eq (5).
Cell2
k1−→Cell3
k2−→∞
dCCell2
dt
= −k1 · CCell2 ,
dCCell3
dt
= k1 · CCell2 − k2 · CCell3
(5)
Since the rate constants k1 and k2 can be assumed to be equal and
the initial concentration in Cell 3 is zero, the integration of this
system led to Eq. (6), which was used to calculate the rate constants
and therefore the HLC.
Ct,Cell3 = C0,Cell2 · k · t · e−k·t; k =
G
HLC · V · R · T (6)
Ct,Cell3 is the concentration of the VOC in Cell 3 at time t; C0,Cell2
the initial concentration of the VOC in Cell 2; k the rate constant of
stripping; t the time; G the gas ﬂow through stripping cell; V the
cell volume; R the ideal gas constant (8.314472 J mol−1 K−1); T is
the temperature.
The triple cell conﬁguration made it possible to reduce the mea-
surement time. In Eq. (6), C0,Cell2 had to be measured at t = 0, because
of its linear inﬂuence on k. Unfortunately, however, C0,Cell2 could
not be measured at the beginning of the experiments, especially for
VOCs with low volatility, since their concentration was very high.
As consequence, if C0,Cell2 was measured at the beginning of the
experiments, it took a long time for the signal to reach a baseline in
order to measure the background signal. Therefore, it was decided
to measure C0,Cell2 at the end of the experiment by selecting the sig-
nal from a corresponding lower intensity isotope and generating a
numerical approximation for the initial concentration C0,Cell2 .
3.4. Temperature dependence of HLCs
When determining the temperature dependence of an HLC, the
relationship shown in Eq. (7) is most often used, and agrees well
with experiments, provided only a small temperature range is con-
sidered (T < 20 ◦C).ln(HLC) = −HH
R
1
T
+ SH
R
(7)
HH is the enthalpy and SH the entropy of phase change, R the
ideal gas constant (8.314472 J mol−1 K−1), T is the temperature.
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Fig. 3. HLCs of 2-methylfuran measured at 23 different temperatures from 4 ◦C to
85 ◦C. Experimental data (•) are plotted together with a polynomial ﬁt of Eq. (9),
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of the HLCs was  determined based on Eq. (9). The resulting ﬁt
parameters and physical constants (AC , BC , H0aking three (-) and four (-) parameters into account, respectively.
In this equation, HH and SH are assumed to be temperature
ndependent. Analysing the HLC over a large temperature range
rom 4 ◦C to 85 ◦C, this approximation is no longer valid. Taking the
emperature dependency of the enthalpy and entropy of the phase
hange at constant pressure into account results in Eq. (8).
n(HLC) = −
H0H,298 K +
∫ T
298 K
C0p dT
RT
+
S0H,298 K +
∫ T
298 K
C0p T
−1 dT
R
(8)
H0H,298 K is the enthalpy of phase change in J mol
−1 at 298 K,
S0H,298 K the entropy of phase change in J K
−1 mol−1 at 298 K, R the
deal gas constant (8.314472 J mol−1 K−1), T is the temperature/K.
Series expansion of the temperature dependence of the heat
apacity at constant pressure C0p (C
0
p = A + BT + CT2 + . . .)  and
ntegration results in Eq. (9):
n(HLC) =
−H0H,298 K + A · 298 K + B · 44402 K2
R︸  ︷︷  ︸
˛
1
T
+ A
R︸︷︷︸
ˇ
ln T
+ B
2R︸︷︷︸

T +
S0H,298 K − A · (1 + ln(298 K)) − B · 298 K
R︸  ︷︷  ︸
ı
(9)
reek letters are the ﬁtting parameters, A the initial contribution
n J K−1 mol−1 and B is the linear contribution in J K−2 mol−1 of the
eat capacity.
The HLC of 2-methylfuran was measured at 23 different temper-
tures, in order to determine at which point the series expansion
an be stopped. The temperature dependence was modelled using
q. (9) including an increasing number of the polynomial terms, as
hown in Fig. 3. It is therefore evident that a four-parameter model
s needed in order to achieve adequate precision.ass Spectrometry 387 (2015) 69–77
4. Results
4.1. Experimental parameter
The tests were all performed using acetaldehyde. The speciﬁc
parameters are discussed below.
Cell volume: A cell volume of less than 100 ml  was insufﬁcient for
achieving equilibrium conditions. Hence, all measurements were
performed with a cell volume of 100 ml.
Oven temperature: The temperature difference between the
thermostat and the oven inﬂuenced the HLC measurements. A dif-
ferential temperature of +20 ◦C between the cell and the oven was
found to prevent condensation and was  suitable for all experiments.
Gas ﬂow through the cell: Varying the gas ﬂow through the cell
to strip the VOC did not show an impact on the HLC and was hence
set towards the upper limit of the validated range (100 Nml/min)
in order to shorten the experimental time. At higher experimen-
tal temperatures, where the volatility of the VOCs increased, the
stripping ﬂow was reduced in order to allow longer experimental
times and therefore achieve higher precision. An additional beneﬁt
of reducing the stripping ﬂow is that the VOC concentration in the
gas entering the PTR-ToF-MS drift tube is also reduced, preventing
signal saturation, as shown in Table 1. All mass ﬂow controllers
were checked by a bubble meter to avoid systematic errors. The
corresponding values are shown in Table 1 as Flow cell (corrected).
Gas ﬂow of the dilution: The higher the dilution ﬂow, the lower
was the signal intensity and the higher the uncertainty in the
HLC. The dilution ﬂow was adapted to the temperature depend-
ent humidity of the gas entering the drift tube of the PTR-ToF-MS
to ensure stable and standardized ionization conditions. For this
reason the ﬂow had to be increased step by step with increasing
temperature as shown in Table 1.
Stripping gas:  No signiﬁcant differences between stripping with
N2 and compressed air were observed. Throughout all trials, we
opted for nitrogen gas.
The resulting HLCs of acetaldehyde for each of the test exper-
iments at a temperature of 50 ◦C are shown in Fig. 4. The ﬁnal
values (standard values) of the respective experimental parame-
ters are given in Table 1. In Fig. 5, the temperature dependence
of the HLC of acetaldehyde, measured using the standard exper-
imental parameters, is compared to available data from the
literature for the temperature range of 4 ◦C to 85 ◦C [9,30,36–40].
All data measured in this study were within the range of pre-
viously published data. The uncertainty of the data reported in
the literature increased with increasing temperature. A possible
explanation for this is the lack of control over the temperature
of the environment. In the present work, great care was taken
in designing and building an experimental setup in which all the
critical elements of the setup were located inside a temperature
controlled oven.
4.2. Temperature dependence of HLCs
Following the test and optimization trials of the experimental
parameters, the HLCs of eight VOCs were measured over a tem-
perature range of 4 ◦C to 85 ◦C, as shown in Table 2. All VOCs were
measured using the double cell design. Due to the low volatility of
guaiacol, this compound was measured using both the double and
the triple cell design. The measurements were performed at ﬁve
deﬁned temperatures: 4 ◦C, 25 ◦C, 50 ◦C, 65 ◦C and 85 ◦C.
Based on these measurements, the temperature dependencep,298  K p,298  K H,298 K
and S0H,298 K) are listed in Table 3. In Fig. 6, both the measured
data, plotted with a 95% standard deviation and the ﬁt functions,
F. Wieland et al. / International Journal of Mass Spectrometry 387 (2015) 69–77 75
Table  1
Summary of the experimental parameters for the different stripping temperatures as determined by validation trials.
Parameters for cell temperature 4 ◦C 25 ◦C 50 ◦C 65 ◦C 85 ◦C
Flow cell (Nml/min) 100 100 100 50 10
Flow  cell (corrected) (Nml/min) 107.6 107.6 107.6 55.7 14.2
Flow  dilution (Nml/min) 500 1000 4000 4000 4500
Resulting mixing ratio (–) ca. 1:5 ca. 1:10 ca. 1:40 ca. 1:80 ca.1:450
Oven  (◦C) 35 45 70 85 105
Stripping volume (ml) 100 100 100 100 100
Stripping gas (Nml/min) N2 N2 N2 N2 N2
Table 2
HLCs (with 95% standard deviation) of eight VOCs at ﬁve speciﬁc temperatures.
Compound HLC (4 ◦C)
(mol (Pa m3)−1)
HLC (25 ◦C)
(mol (Pa m3)−1)
HLC (50 ◦C)
(mol (Pa m3)−1)
HLC (65 ◦C)
(mol (Pa m3)−1)
HLC (85 ◦C)
(mol (Pa m3)−1)
(E)-beta-damascenone 9.8 ± 0.8 E−1 3.21 ± 0.05 E−1 9.3 ± 0.2 E−2 4.61 ± 0.02 E−2 1.37 ± 0.03 E−2
2,3-Butanedione 2.7 ± 0.1 E+0 4.2 ± 0.1 E−1 6.6 ± 0.1 E−2 2.62 ± 0.05 E−2 5.6 ± 0.2 E−3
2-Ethyl-3,5-dimethylpyrazine 2.5 ± 0.8 E+1 2.9 ± 0.3 E+0 3.2 ± 0.1 E−1 9.67 ± 0.1 E−2 1.64 ± 0.09 E−2
2-Methylfuran 4.5 ± 0.2 E−3 1.46 ± 0.03 E−3 6.22 ± 0.09 E−4 3.6 ± 0.1 E−4 1.34 ± 0.03 E−4
3-Methylbutanal 1.2 ± 0.2 E−1 2.37 ± 0.05 E−2 5.50 ± 0.09 E−3 2.48 ± 0.06 E−3 7.2 ± 0.5 E−4
Acetaldehyde 7.0 ± 0.3 E−1 1.7 ± 0.2 E−1 4.12 ± 0.08 E−2 1.66 ± 0.04 E−2 3.6 ± 0.3 E−3
Ethyl-3-methyl butanoate 4.7 ± 0.4 E−2 1.08 ± 0.04 E−2 2.23 ± 0.02 E−3 1.04 ± 0.07 E−3 3.4 ± 0.1 E−4
Guaiacol 1.5 ± 0.5 E+1 5.4 ± 0.8 E+0 8.3 ± 0.8 E−1 4.6 ± 0.4 E−1 6.3 ± 0.7 E−2
Guaiacol* 6.9 ± 0.4 E+1 9 ± 1 E+0 1.21 ± 0.01 E+0 4.25 ± 0.04 E−1 1.0 ± 0.2 E−1
* Measurements performed using the triple cell conﬁguration.
Table 3
Physical constants based on the ﬁtted parameters from Eq. (9) for all measured VOCs over the temperature range of 4 ◦C to 85 ◦C.
Compound N H0
H,298 K
(kJ mol−1)
S0
H,298 K
(J K−1 mol−1)
ACp,298  K
(kJ mol−1 K−1)
BCp,298  K
(J mol−1 K−2)
R2
(E)-beta-damascenone 15 −36.10 −130.64 5.15771 −17.39072 0.9995
2,3-Butanedione 15 −57.25 −199.51 7.73369 −25.04053 0.9997
2-Ethyl-3,5-dimethylpyrazine 15 −68.05 −219.48 4.85261 −16.20075 0.9982
2-Methylfuran 57 −30.04 −154.70 8.59484 −27.70083 0.9984
3-Methylbutanal 17 −47.61 −190.86 7.22480 −23.20037 0.9991
Acetaldehyde 18 −43.06 −159.18 8.85160 −29.42325 0.9991
Ethyl-3-methyl butanoate 15 −48.31 −199.88 1.78402 −5.92157 0.9993
Guaiacol 15 −40.72 −123.52 5.06799 −18.48856 0.9888
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lGuaiacol* 16 −64.28 
* Measurement performed using the triple cell design, N is the number of measu
lotted with 95% conﬁdence bands, are shown. A clear difference
n the temperature dependence of the respective HLCs is visible.
. Discussion
.1. Experimental parameter
A highly reproducible and automated method to determine
LCs of VOCs over a wide range of temperatures was developed. The
verage RSD (relative standard deviation) was 6.5% (95% standard
eviation, absolute HLCs) across all the measurements. Critical
actors relating to the accuracy of the method were analysed in
etail and optimized, namely (i) the temperature dependence of
he enthalpy and the entropy were taken into account, (ii) con-
ensation, especially at higher temperatures, was  prevented by
reheating gas ﬂows using an oven set at 20 ◦C higher than the cell
emperature, (iii) different gas dilution ratios were used to stan-
ardize the humidity level for all measurements, (iv) the cell ﬂow
as calibrated regularly using a bubble meter, and (v) a baseline
orrection was performed prior to the exponential time-versus-
ntensity signal ﬁt. Neglecting one of these factors led to systematic
rrors in the measurements, which might be the reason for the high
ariations in the literature data, as shown in Fig. 5.
Double versus triple cell: Fig. 6 highlights the limitations of the
ouble cell conﬁguration. For low volatile measurements (approx.
n(HLC) > 2), the precision started to decrease, as can be seen in the25 3.12581 −10.09626 0.9987
ts and R2 equals the coefﬁcient of determination.
case of the guaiacol measurements (double cell). This was most
probably related to the long measurement time of over 15 h, lead-
ing to a change in VOC concentration in the measurement cell
over time. With the triple cell design, the measurement time was
reduced by a factor of up to 50%, signiﬁcantly improving the accu-
racy of the measured data, as can be seen in Fig. 6 for guaiacol (*,
triple cell). Hence, using this setup, the temperature dependence
of the HLC of even very low volatile compounds can be determined
with accuracy higher than in the double cell design.
5.2. Temperature dependence of HLCs
In this study, the temperature dependence of the HLCs of var-
ious VOCs was measured. Or, to be more precise, the depletion of
a concentration signal over time was  monitored, while bubbling
gas through a diluted aqueous solution of the respective VOC and
varying the temperature of this solution. The respective HLC was
calculated based on these measurements. As a ﬁrst approximation,
this might be done by applying Eq. (7), which would lead to a linear
relationship between ln(HLC) vs. 1/T. However, plotting the data of
2-methylfuran, measured at 54 different temperatures in the range
of 4 ◦C to 85 ◦C (see Fig. 3), clearly showed that there is no linear
behaviour for temperatures over 20 ◦C. This non-linearity is based
on the temperature dependence of the enthalpy as well as of the
entropy of phase change. This was  often neglected in the past and
led to large systematic errors. In the case of 2-methylfuran, a linear
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Fig. 4. Optimization trials of experimental parameters at 50 ◦C for acetaldehyde.
The  measured HLCs are given for the different gas ﬂows through the cell (+), dilu-
tion ﬂows (©), temperature difference between thermostat and oven (), nitrogen
stripping gas (♦) or compressed air (×) and cell volume (). In addition, the range
of  HLC values reported in the literature for acetaldehyde is also provided (literature
range).
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Fig. 6. Graphical summary of the temperature dependence of the HLC for all com-
pounds. Shown are the ﬁt functions based on Eq. (9) as well as the experimental
emphasized the importance of (i) measuring the HLC at several dif-ig. 5. Comparison of the experimental HLC values with literature data (acetalde-
yde) [9,28,33–37].
t of ln(HLC) vs. 1/T  led to a systematic error of up to 22%. Calculat-
ng the HLC based on Eq. (9) takes the temperature dependence of
he enthalpy as well as of the entropy of phase change into account,
nd the theoretical function was a good ﬁt for the 54 measured HLCs
R2 = 0.998). Based on the ﬁtted parameters, the thermodynamic
onstants were determined.Fig. 6 shows the temperature dependence of the HLCs for
he different VOCs, again emphasizing the non-linearity and the
mportance of taking into account the temperature dependence ofdata. The error bars indicate the 95% standard deviation, the shade of the ﬁt func-
tions indicate the 95% conﬁdence band. *Measurement which was performed using
the triple cell design.
entropy and enthalpy. The curve shapes differ from compound to
compound (see, for example, the curve shapes of 2-methylfuran, 3-
methylbutanal, acetaldehyde and (E)-beta-damascenone). Hence,
measuring the HLC at not just two  temperatures (highest and
lowest interested temperature), but for a larger number of temper-
ature values within the temperature range of interest signiﬁcantly
increases the accuracy of the ﬁt. This is particularly the case if the
temperature range of interest is more than 20 ◦C.
6. Conclusions
An experimental setup to measure HLCs over a wide tem-
perature range was developed. It offers several advantages over
previous conﬁgurations: (i) improved accuracy, (ii) higher through-
put (automated), (iii) applicable to VOCs over a large volatility
range, (iv) applicable to VOCs over a large temperature range (4 ◦C
to 85 ◦C), (v) high temperature stability (T better than ±0.1 ◦C)
and (iv) it does not require calibration or knowledge of the initial
concentration of the analyte.
This setup was  used to measure HLCs of eight ﬂavour com-
pounds in pure water, over a temperature range of 4 ◦C to 85 ◦C.
Signiﬁcant differences in the temperature dependence of the HLCs
were found for the respective compounds. The measurementsferent temperatures and (ii) taking into account the temperature
dependence of H0H,298 K and S
0
H,298 K of phase change to calculate
the temperature dependence of the HLCs over a wide temperature
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ange. These measurements allowed the calculation of the enthalpy
H0H,298 K and entropy S
0
H,298 K of phase change at 25
◦C as well as
he heat capacity constants ACp,298  K and BCp,298  K .
For guaiacol, a low volatile compound, HLCs were measured
sing both a double and a triple cell design. It was shown that,
t the low temperature end of the range (25 ◦C and particularly for
◦C) the triple cell designed improved the accuracy of the results.
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